INTRODUCTION
Coal-fired power plants, in addition to emitting greenhouse gases, are a major source of local pollution and health damages throughout the world. China, the United States, and other countries that rely on coal for electricity production regulate emissions from coal-fired power plants, primarily for health reasons. In the United States, the 1990 Clean Air Act Amendments caused many power plants to switch to low-sulfur coal or to install flue-gas desulfurization units (FGD units, or scrubbers) . Subsequent tightening of sulfur dioxide (SO 2 ) regulations has caused more plants to scrub their emissions. In 2010, power plants with FGD units accounted for 60 percent of the electricity generated from coal in the United States (Schmalensee and Stavins 2013) . By 2013, 95 percent of China's coal-fired generating capacity had been fitted with FGD units (Ministry of Environmental Protection 2014).
India, which relies on coal to generate 76 percent of its electricity (CEA 2015) , did not regulate SO 2 emissions from coal-fired power plants until December 2015. That lack of regulation may have been due, in part, to the low sulfur content of Indian coal (Chikkatur and Sagar 2007) . Indian coal is approximately 0.5 percent sulfur by weight, similar to Powder River Basin (PRB) coal in the United States (Lu and others 2013) . However, the population exposed to SO 2 emissions from power plants in India is much greater than that in the United States, as is the amount of coal burned to generate a kilowatt hour (kWh) of electricity. Recent studies suggest serious health effects associated with SO 2 emissions from Indian power plants. Guttikunda and Jawahar (2014) estimate that Indian power plants caused more than 80,000 deaths in 2011; they attribute 30-40 percent of these deaths to SO 2 . Cropper and others (2012) suggest that as many as 60 percent of the deaths associated with coalfired power plants in India may be attributable to SO 2 emissions rather than to directly emitted particulate matter or oxides of nitrogen (NOx).
This chapter analyzes the health benefits and the costs of installing FGD units at each of the 72 coal-fired power plants in India, plants that in 2009 constituted 90 percent of coal-fired generating capacity. We estimate the health benefits of one FGD unit by estimating SO 2 emissions from a plant without an FGD unit and then translating those emissions into changes in ambient air quality. This is accomplished using an Eulerian photochemical dispersion model (CAMx) that allows SO 2 to form fine sulfate particles (smaller than 2.5 micrometers in diameter [PM 2.5 ]) in the atmosphere. The impacts of PM 2.5 on premature mortality are estimated for ischemic heart disease, stroke, lung cancer, chronic obstructive pulmonary disease (COPD), and acute lower respiratory infection (ALRI) using the integrated exposure response (IER) coefficients in Burnett and others (2014) .
We assume that a scrubber will reduce SO 2 emissions by 90 percent. The annual reductions in premature mortality and associated life years lost resulting from use of scrubbers are combined with an estimate of annualized capital and operating costs to compute the cost per statistical life saved and cost per disability-adjusted life year (DALY) averted associated with each FGD unit.
Reducing SO 2 emissions from coal-fired power plants offers additional benefits that we do not quantify. These include improvements in visibility (which yield aesthetic and recreation benefits) and reduced acidic deposition. Acidic deposition can reduce soil quality (through nutrient leaching), impair timber growth, and harm freshwater ecosystems (USEPA 2011).
METHODS

Estimating the Health Impacts of SO 2 Emissions from Power Plants
Our analysis focuses on 72 coal-fired power plants (shown in map 13.1) which in March 2009 constituted 90 percent of the coal-fired generating capacity connected to the grid in India. The size of each circle on the map is proportional to the electricity generated by each plant. State governments owned 45 of the plants, the central government owned 22, and private entities owned 5. Table 13 .1 describes the operating characteristics of these plants in terms of installed capacity, electricity generated, and other characteristics. We analyze the impact of plant emissions in 2008-09, the year for which we have information on the sulfur content of coal.
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Total coal-fired generating capacity in India doubled between March 2009 and March 2015 (CEA 2015 , from 76 gigawatts (GW) to 164.6 GW.
2 Accordingly, our analysis underestimates the health impacts of current SO 2 emissions from the power sector. We note, however, that the plants we analyze remain subject to pollution control laws, and most plants would find it difficult to meet these laws without installing FGD units.
To calculate the SO 2 emissions of each plant, we must know the plant's annual electricity generation, the amount of coal burned per kWh, and the sulfur content of the coal burned. 3 We estimate the cost-effectiveness of FGD units using the Central Electricity Regulatory Commission of India's benchmark operating conditions. 4 These assume that each plant operates at 85 percent of capacity (the median operating capacity for the 72 plants was 79 percent in 2008-09). We use benchmark conditions because actual operating conditions are likely to fluctuate from year to year.
Coal consumption per kWh is based on actual coal consumption per kWh in 2008-09. On average, coal burned per kWh is much higher at Indian power plants than at coal-fired power plants in the United States (0.77 kg/kWh versus 0.47 kg/kWh) (Malik 2013) . This difference is due in part to the lower heat content of Indian coal, but it is also due to inefficiencies in plant operation (Chan, Cropper, and Malik 2014) . The sulfur content of coal (averaging 0.53 percent sulfur by weight) comes from a survey of Indian power plants conducted by the authors. This finding corresponds closely to figures reported by Lu and others (2013) , Garg and others (2002) , and Reddy and Venkataraman (2002) . Based on benchmark conditions, the 72 plants emit approximately 3 million tons of SO 2 annually.
CAMx, an Eulerian photochemical dispersion model, was run to estimate the impact of each plant's SO 2 emissions on ambient air quality. 5 The model, which includes gas-to-aerosol conversion for SO 2 to sulfates, supports plume rise calculations for each power plant using three-dimensional meteorological data. 6 The model was run separately for each plant, simulating 365 days of emissions, to calculate the increase in annual average fine particle concentrations corresponding to the plant's emissions. The model was run at a 0.25˚grid resolution 
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465. 375-2606.100 >2,606.100-5,174.970 >5,174.970-8,786.280 >8,786.280-15,636.600 >15,636.600-24,273.960 and combined with 2011 population data to calculate the population-weighted increase in annual average PM 2.5 concentrations associated with the plant.
Epidemiological research has found consistent associations between premature mortality and PM 2.5 . Pope and others (2002) report significant impacts of exposure to PM 2.5 in cities in the United States on all-cause, cardiopulmonary, and lung cancer mortality. This work formed the basis of early studies of the global burden of air pollution (Cohen and others 2004) . More recent studies of the Global Burden of Disease (GBD) (Lim and others 2013) use meta-analyses of epidemiological studies from several sources to quantify the impact of a wider range of PM 2.5 exposures on cardiovascular and respiratory deaths, as well as deaths from lung cancer and ALRI (Burnett and others 2014) . The 2013 GBD estimates that 587,000 deaths in India in 2013 were attributable to ambient air pollution (GBD 2013 Risk Factors Collaborators 2015 .
Premature mortality associated with the increase in annual average PM 2.5 concentrations for each plant was calculated as the product of baseline deaths (by cause) and the fraction of deaths attributable to sulfates. The fraction of deaths attributable to sulfates for each disease is given by 1-exp(β*ΔC), where β is the change in the relative risk attributable to a one microgram per cubic meter change in PM 2.5 , and ΔC is the population-weighted change in ambient PM 2.5 concentrations associated with SO 2 emissions from the plant. The β coefficients were calculated using the IERs for ischemic heart disease, stroke, lung cancer, COPD, and ALRI developed by Burnett and others (2014) and reported by the Institute for Health Metrics and Evaluation (IHME).
7 For each disease, the change in relative risk (β) was evaluated at the population-weighted annual average exposures for India used in the 2010 Global Burden of Disease (Brauer and others 2012) . 8 Baseline deaths by age and cause were obtained from the IHME. 9 We also calculate the years of life lost (YLL) associated with mortality attributable to SO 2 emissions. We estimate that, on average, each death is associated with 25.54 YLL, a figure close to that reported in the 2013 GBD. DALYs lost because of PM 2.5 are the sum of YLL and years lived with disability (YLD). In the 2013 GBD, 97 percent of DALYs associated with ambient air pollution are YLL. We have not calculated the YLD associated with SO 2 emissions; therefore, our estimates of the health benefits of emissions reductions understate total health benefits.
Estimates of Health Effects Associated with SO 2 Emissions
Our calculations suggest that approximately 15,500 deaths in 2013 were attributable to SO 2 emissions from the 72 plants, with stroke (7,600) and ischemic heart disease (4,200) accounting for the majority of deaths. Table 13 .2 reports the distribution of deaths and DALYs (by cause) for the 72 plants. These deaths, in the aggregate, are associated with approximately 400,000 YLL.
10 If the plants in our study were to operate under benchmark operating conditions at capacity factors of 85 percent, the deaths attributable to SO 2 emissions would increase to approximately 17,900 per year, with an associated 457,000 YLL.
The number of deaths per plant varies from more than 1,300 to fewer than 20. The 30 plants with the highest number of deaths account for 78 percent of the total deaths and 56 percent of the total generation capacity. The 20 plants with the highest number of deaths account for 65 percent of total deaths. Deaths per plant are correlated with total emissions (r = 0.38) and also with the size of the exposed population. Population density in India is highest in the north of India, which is also the part of India with the highest levels of ambient PM 2.5 . Therefore, it is not surprising that the 30 plants with the highest number of deaths (map 13.2) are located in northern India.
Costs and Benefits of FGD Units
An FGD unit is an end-of-pipe technology that removes SO 2 from combustion gases before they exit the smokestack. Flue gases are treated with an alkaline Table 13 .4 shows the assumptions used to construct the cost estimates. We assume a capital cost of US$84,000/ MW for a swFGD unit (MERC 2009 (MERC , 2011 ) and a cost of US$109,000/MW for a wFGD unit, based on 250 MW units. 15 For smaller units, we assume that the elasticity of capital costs with respect to installed capacity is −0.3 (Cichanowicz 2010) . The greater costs for wFGD units reflect the expenditures for reagent handling and by-product disposal facilities. In contrast, swFGD units discharge their water by-product back into the sea and do not require as much capital investment. Note: ALRI = acute lower respiratory infection; COPD = chronic obstructive pulmonary disease; DALY = disability-adjusted life year; IHD = ischemic heart disease; SO 2 = sulphur dioxide. As a comparison, these figures are slightly lower than wFGD unit prices in the United States prior to the post-2006 spike in prices. 16 Capital and operating costs per plant are summarized in table 13.5. We note that the cost per ton of SO 2 removed implied by our calculations is, on average, US$613 (2013 US$).
To calculate the health benefits of installing an FGD unit, we assume that the FGD unit will remove 90 percent of SO 2 emissions. Because of the linearity of sulfate formation and the approximate linearity of relative risk for a small change in concentrations, this reduction in emissions implies a 90 percent reduction in deaths attributable to SO 2 emissions. An important question is the period over which this reduction would occur. Apte and others (2015) assume no lag between emissions reductions and the associated reductions in deaths. USEPA (2011) assumes that 80 percent of the reduction in PM 2.5 mortality is achieved within five years of the reduction in emissions. We view our calculations as representing the benefits of a scrubber that has been in operation for at least 5 years and therefore assume that 80 percent of the reduction in mortality has been achieved in calculating lives saved and DALYs averted.
RESULTS
Our benchmark calculations suggest that requiring all 72 plants in our study to install scrubbers would save 12,890 lives and 329,000 DALYs annually, at an average cost of US$131,000 per life saved or US$5,140 per DALY averted (table 13.6). 17 The cost per life saved (CPLS) of installing a scrubber, however, varies greatly across plants, from US$24,700 to US$1,244,000, depending on the magnitude of the plant's emissions and the size of the exposed population. If plants are ranked by their CPLS, retrofitting scrubbers at the 30 most cost-effective plants would save approximately 9,200 lives at an average cost of US$67,000 per life saved or US$2,600 per DALY averted.
18 Requiring scrubbers at the 30 plants with the highest deaths associated with SO 2 emissions would save more lives and DALYs (10,060 and 257,000, respectively) at a higher average CPLS of US$96,000. This finding is not surprising: lives saved (the denominator when calculating CPLS) is increasing in the number of deaths associated with the plant when operating without an FGD unit; hence, CPLS is negatively correlated with deaths attributable to baseline SO 2 emissions for each plant (r = -0.43). Note: The capital costs above are derived from information for the Dahanu (seawater FGD unit) and Bongaigaon (wet FGD unit) power plants. In both cases, the costs reflect installation of an FGD unit in a new plant and not a retrofit. Costs are increased by 30 percent to reflect the higher costs of retrofitting a scrubber. FGD = flue-gas desulfurization; kWh = kilowatt hour; MW = megawatt; MWh = megawatt hour. However, identifying plants with the lowest CPLS may be difficult from a policy perspective. A more likely option would be to require the largest plants to scrub their emissions. The 30 largest plants in terms of installed capacity account for 61 percent of sulfate deaths. Requiring them to be retrofitted with FGD units would save approximately 7,910 lives and 202,000 DALYs, at an average CPLS of US$147,000 (US$5,760 per DALY averted). This approach clearly delivers fewer health benefits per dollar spent than requiring the plants associated with the largest number of deaths and DALYs to scrub their emissions. Although economies of scale exist in scrubber installation, and although deaths are positively correlated with plant size, the effectiveness of a scrubber also depends on the size of the exposed population; the largest plants are not necessarily those with the largest exposed populations.
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20
To maximize the number of lives saved for a given amount spent, plants with the lowest CPLS would be retrofitted first. These are not necessarily the largest plants. The benefits of installing a scrubber depend on the size of the exposed population, which depends on plant location. The 30 plants with the lowest CPLS associated with SO 2 emissions are primarily located in densely populated northern India, primarily in Uttar Pradesh, West Bengal, Punjab, Haryana, and Jharkhand.
Our estimates are sensitive to assumptions about scrubbing costs, as well as to assumptions about health impacts. Our baseline discount rate of 8 percent is a social discount rate, equal to the rate of interest on government bonds in India. If this is replaced by the weighted private cost of capital, which we estimate to be 11.2 percent, the CPLS would increase by 14.3 percent, from US$131,000 to US$150,000. 21 Reducing capacity factors from the benchmark level of 0.85 to 0.68 would increase the CPLS by approximately 20 percent. At the same time, our estimate of the impact of a cessation lag is quite conservative. We effectively assume that only 80 percent of the ultimate mortality benefits of scrubbing will be received. Eliminating the cessation lag would reduce the CPLS by 20 percent.
We also note that retrofitting power plants with scrubber units would increase the cost of electricity. In Cropper and others (2012) , we estimate that a swFGD unit would increase the levelized cost of electricity by approximately 9 percent. A wFGD unit could increase the cost by up to 15 percent.
DISCUSSION
Compared to coal mined in the rest of the world, domestic coal in India has high ash content but low sulfur content. Since 1984, regulations have limited particulate Note: Number of observations = 72 power plants. Calculations based on benchmark capacity utilization of 85 percent. FGD = flue-gas desulfurization. SO 2 = sulphur dioxide. Note: Calculations based on benchmark operating conditions (capacity factor of 85 percent), assuming an FGD unit removes 90 percent of flue gases. The number of lives saved (or DALYs averted) is the number saved five years after installation, holding population and death rates at 2013 levels. CPLS = cost per life saved; DALY = disability-adjusted life year; FGD = flue-gas desulfurization; MW = megawatt.
matter emitted directly from coal-fired power plants; however, before December 2015, no regulations existed that would limit secondary particle formation by restricting emissions of SO 2 or NOx. 22 Plants are, however, subject to minimum stack height requirements and plants generating 500 MW of electricity or more are required to leave space to allow for an FGD unit retrofit in the future. Plants generating between 210 and 500 MW of electricity must have stacks at least 220 meters in height; units that generate more than 500 MW of electricity must have stacks at least 275 meters in height. Taller stacks decrease ambient SO 2 concentrations by causing the particulate matter they emit to be dispersed over a larger area, but they do not eliminate exposure, especially in densely populated areas.
In December 2015, the Ministry of Environment, Forests and Climate Change issued limits on SO 2 emissions. 23 Plants built before 2017 that generate more than 500 MW of electricity are restricted to SO 2 emissions of 200 milligrams per cubic meter (mg/Nm 3 ); plants that generate less than 500 MW are restricted to SO 2 emissions of 600 mg/Nm 3 . 24 A plant burning coal that contains 0.5 percent sulfur by weight emits approximately 1,350 mg/Nm 3 , thus violating current standards. Retrofitting the plant with an FGD unit would permit the plant to achieve the Ministry's standards. 25 Currently, three plants in India have installed FGD units-Dahanu (Maharashtra), Trombay (Maharashtra), and Udupi (Karnataka). According to the Central Electricity Authority, eight FGD units either are in operation or are in the planning stages (table 13. 3).
Our analysis suggests that the emphasis placed on SO 2 controls is warranted. The historic approachrelying on tall stacks-mirrors the approach taken in the United States in the 1980s to achieve local air quality standards. Although Indian coal has lower sulfur content than coal mined in the eastern United States, a greater amount of coal is used to produce a kWh of electricity in India because of the low heating value of Indian coal. In addition, the increase in imported coal with higher sulfur content will potentially increase the average sulfur content of coal used in Indian power plants. The large numbers of people exposed combined with the magnitude of SO 2 emissions from coal-fired power plants makes SO 2 a key pollutant of concern from a health standpoint.
CONCLUSIONS
Our analysis suggests that retrofitting existing plants with FGD units could yield significant health benefits. Requiring all 72 plants in our sample to retrofit FGD units would save almost 13,000 lives (330, 000 DALYs) annually at an average cost of US$131,000 per life saved (US$5,140 per DALY averted). However, considerable heterogeneity exists in the CPLS across plants. Targeting the retrofitting regulation to plants with lower CPLS would be more cost-effective.
For any of the policy options considered, a relevant question is whether the CPLS is less than the value of the associated mortality reductions, measured in terms of what people are willing to pay for them. In the United States and other Organisation for Economic Co-operation and Development (OECD) countries, the value of mortality risk reductions is measured by the value per statistical life (VSL)-the sum of what people would pay for small risk reductions that sum to one statistical life saved. 26 Both the United States and OECD countries have adopted official values for the VSL that are used in benefit-cost analyses of environmental policies. Whether FGD units pass the benefit-cost test requires an estimate of the VSL for India.
Estimates of the VSL for India could be based on empirical studies conducted in India or could be transferred from United States and OECD values, taking into account differences in incomes. Empirical estimates of the VSL in India range widely, from US$57,000 (Bhattacharya, Alberini, and Cropper 2007) to US$407,000 (Madheswaran 2007). 27 Transferring the USEPA's VSL from the United States to India at current exchange rates (using an income elasticity of one) implies a VSL of US$250,000.
28 This suggests that a program to retrofit FGD units on all 72 power plants in our study would pass the benefit-cost test, on average. FGD unit installation also would pass the benefit-cost test on an individual plant basis at most of the plants in the study, including the 30 plants with the lowest CPLS.
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Because big plants are easier to target, regulations that would require the retrofitting of FGD units at the largest plants (those with the largest installed capacity) might be possible. The CPLS averaged over the 30 largest plants in our sample is US$147,000, suggesting that this regulation would, on average, pass the benefit-cost test. However, targeting the installation of FGD units to plants with the highest number of deaths would save more lives per dollar spent. .html. See also Muller (2016) . 17. The average CPLS of requiring all plants to scrub their emissions is the total cost listed in table 13.6 (US$1.69 billion) divided by the lives saved. Similarly, the average cost per DALY averted is US$1.69 billion divided by the DALYs averted (329,000). 18. A ranking based on CPLS is identical to a ranking based on cost per DALY. A simplifying assumption underlying the calculations (as in the 2013 GBD) is that the age distribution of the population and death rates by age and cause are uniform throughout the country. 19. Twenty-one of the plants with the lowest CPLS are also the plants with the largest number of deaths associated with SO 2 emissions. 20. The 13th largest plant in the sample, based on installed capacity, has the highest CPLS (US$1,244,000). The plant is located in the south of India and has a smaller exposed population than plants in northern India. 21. Our estimate of the private cost of capital is based on a debt-equity ratio of 70-30, the private rate of return on capital allowed by the CERC (15.5 percent), and the assumption that the plant can borrow at a rate of 9.3% (the Bank of India base rate at the time of writing 
